Introduction
Unconjugated bilirubin (UCB) is a tetrapyrrole derived from the catabolism of heme with known antioxidant properties. High systemic concentrations of UCB in certain disease states are potentially injurious to the basal ganglia and neurons (1) . However, physiological concentrations of this metabolite have immunomodulatory effects on antigen-presenting cells (2, 3) and effector cells (2, 4) , ultimately favoring the expansion of FOXP3 + Tregs (5, 6) . UCB immunomodulatory properties have been confirmed by in vivo experimental studies, as in the setting of islet cell transplantation (6, 7) , experimental autoimmune encephalomyelitis (2) , and in acute colitis induced by dextran sodium sulfate (DSS) (8) .
Further support for the immunoregulatory effects of bilirubin derives from clinical observations indicating improvement of inflammatory/autoimmune conditions linked to high endogenous levels of this metabolite (9) . Some patients with inflammatory bowel disease (IBD) (Crohn's disease and ulcerative colitis) develop primary sclerosing cholangitis (PSC), involving intra-and extrahepatic bile ducts. This complication is associated with increased blood levels of biliverdin, UCB, direct bilirubin, and urobilinogen. Jaundiced patients with concomitant ulcerative colitis and PSC seem to manifest milder or asymptomatic colitis when compared with patients with normal bilirubin levels (10) . Similarly, patients with Gilbert syndrome, who have higher levels of UCB because of defective UDP glucuronosyl transferase 1 (UGT1A1), are less likely to develop IBD, further supporting the immunoprotective role of UCB in this condition (11, 12) . Gunn rats with pronounced defects in UGTA1, an experimental model of Crigler-Najjar syndrome, are likewise relatively resistant to induction of experimental colitis (13) .
T helper type 17 (Th17) cells are an effector immune subset (14) associated with intestinal inflammation (15) . Th17 cells and the purinergic signaling are closely related, as extracellular ATP has been found to favor Th17 cell differentiation in the lamina propria (16) . Th17 cells can also express CD39, an ectoenzyme that catalyzes the conversion of extracellular ATP and ADP into AMP, which is subsequently converted Unconjugated bilirubin (UCB), a product of heme oxidation, has known immunosuppressant properties but the molecular mechanisms, other than antioxidant effects, remain largely unexplored. We note that UCB modulates T helper type 17 (Th17) immune responses, in a manner dependent upon heightened expression of CD39 ectonucleotidase. UCB has protective effects in experimental colitis, where it enhances recovery after injury and preferentially boosts IL-10 production by colonic intraepithelial CD4 + cells. In vitro, UCB confers immunoregulatory properties on human control Th17 cells, as reflected by increased levels of FOXP3 and CD39 with heightened cellular suppressor ability. Upregulation of CD39 by Th17 cells is dependent upon ligation of the aryl hydrocarbon receptor (AHR) by UCB. Genetic deletion of CD39, as in Entpd1 -/mice, or dysfunction of AHR, as in Ahr d mice, abrogates these UCB salutary effects in experimental colitis. However, in inflammatory bowel disease (IBD) samples, UCB fails to confer substantive immunosuppressive properties upon Th17 cells, because of decreased AHR levels under the conditions tested in vitro. Immunosuppressive effects of UCB are mediated by AHR resulting in CD39 upregulation by Th17. Boosting downstream effects of AHR via UCB or enhancing CD39-mediated ectoenzymatic activity might provide therapeutic options to address development of Th17 dysfunction in IBD.
into immunosuppressive adenosine by the 5′-ectoenzyme CD73 (17) . CD39 expression endows Th17 cells with immunosuppressive properties and promotes the transition to a less pathogenic phenotype (18) .
Th17 cell immunity is also modulated upon engagement of aryl hydrocarbon receptor (AHR), a mediator of toxic or xenobiotic-mediated responses that belongs to the evolutionary bHLH-PAS protein family (19) . Upon binding to exogenous ligands like environmental pollutants, dietary compounds, or endogenous metabolites, AHR mediates a variety of biological responses through the activation of the xenobioticmetabolizing enzyme cytochrome P4501 (CYP1) (20) . AHR also plays a unique role in regulating adaptive cell immunity (21) (22) (23) , including the CD39-dependent induction of Tregs (24) . Alterations in the AHR pathway of activation are linked to chronic inflammation in IBD patients (25) and AHR deletion results in exacerbations of DSS-induced colitis (26, 27) . Further, it has recently been shown that DSS-induced colitis is worsened upon reconstitution of RAG-2/IL2RG-deficient mice with T cells derived from Ahr d mice (28) expressing an AHR molecule of reduced affinity (21) .
Here we report, to our knowledge for the first time, that UCB immunosuppressive properties are mediated by CD39 expression induced in Th17 cells via ligand activation of AHR. Genetic alterations or impaired functionality of AHR can abrogate CD39 upregulation upon exposure to UCB in both experimental colitis and IBD-derived Th17 cells in human disease.
Results
UCB ameliorates experimental colitis. Previous evidence had shown that UCB has immunomodulatory properties in inflammatory conditions in vivo (2, 6) . We tested the effect of UCB administration on DSS-induced colitis during the induction and recovery phases of the disease, when the DSS treatment was replaced with standard drinking water. As depicted in Figure 1A , untreated and UCB-treated WT mice had similar disease activity indices up to and inclusive of day 9 when DSS treatment was discontinued. After day 10, UCB-treated mice stabilized at the same level of disease activity. This was in contrast to untreated mice, which exhibited further worsening of the disease. Measurement of colon length on day 12 showed increased colon length in UCB-treated compared with untreated animals ( Figure 1B ). Histological examination showed less mononuclear cell infiltration, decreased crypt distortion, and intraparenchymal edema in colonic sections from UCB-treated compared with untreated mice ( Figure 1C ). Further, UCB treatment decreased the proportion of IL-17-producing CD4 + T cells among lymphomononuclear cells obtained from spleen, mesenteric lymph nodes (MLNs), and lamina propria ( Figure 1 , D and E), and increased the proportion of CD4 + IL-10 + cells among intraepithelial lymphocytes (IELs) ( Figure 1 , D and E). We also noted an increase in the proportion of CD4 + IL-17 + IL-10 + cells ( Figure 1E ), suggesting that UCB favors the acquisition of immunoregulatory features by pathogenic Th17 cells. The mRNA levels of heme oxygenase-1 (HO-1; Hmox1), the enzyme responsible for catalyzing the conversion of heme into biliverdin -the UCB precursor -were higher in spleen and MLN-derived mononuclear cells of mice subjected to DSS colitis when compared with DSS-untreated controls ( Figure 1F ), as reported previously and in keeping with the induction of HO-1 by stress (29) (30) (31) .
Collectively, these data show that UCB ameliorates experimental colitis by stabilizing disease activity during the recovery phase and by restraining the proportion of effector IL-17-producing CD4 + T cells systemically and locally, in the site of tissue damage.
UCB boosts IL-10 and inhibits Th17 proliferation in healthy subjects. We next explored the effect of UCB on human Th17 cells that were derived from peripheral blood mononuclear cells (PBMCs) of healthy individuals upon conditioning of CD4 + T cells in the presence of IL-6, IL-1β, and TGF-β. The average proportion of IL-17-producing CD4 + lymphocytes after 5-day polarization was 14 ± 3.8%, in agreement with our previous findings (18) and published literature (32) . The proportion of IL-10-producing cells within the CD4 + IL-17 + subset was then quantified (Figure 2A ). Exposure of PBMC-derived Th17 cells to UCB resulted in an increase in the frequency of IL-10-producing cells ( Figure 2A ); this increase was mirrored by increases in the IL-10 mean fluorescence intensity (MFI) ( Figure 2B ) and mRNA levels ( Figure 2C ). UCB, however, did not alter other aspects of the Th17 cell phenotype, as reflected by levels of IL-17, RAR-related orphan receptor C (RORC), IL-23 receptor (IL-23R), and CCR6 expression ( Figure 2D ), but rather diminished the expression of IL-22 and IL-1β, cytokines typically expressed by pathogenic Th17 cells ( Figure 2E ) (33, 34) . UCB markedly abrogated Th17 cell proliferation ( Figure 2F ) without, however, increasing the cell apoptotic rate, as determined by the frequency of annexin V + cells ( Figure 2G ). Thus, UCB modulates Th17 cell proinflammatory properties by boosting expression of IL-10 and markedly inhibiting cell proliferation.
Failure of Th17 cells in Crohn's disease patients to respond to UCB. UCB immunomodulatory properties were also explored in Th17 cells obtained from the peripheral blood of patients with Crohn's disease, in whom the Th17 cell subset represents one of the predominant T effector populations involved in tissue damage (15, 35, 36) . In healthy subjects, exposure of Th17 cells to UCB increased the frequency of FOXP3 + cells ( Figure 3A) , whereas in Crohn's disease no increase in the proportion of these cells was observed ( Figure 3A ). Comparable results were obtained when considering FOXP3 mRNA levels (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.92791DS1). The effect of UCB on FOXP3 appeared to be restricted to the Th17 subset, as no change in the proportion of FOXP3 + lymphocytes was noted among the Th1 and Th2 subpopulations (Supplemental Figure 1B) , obtained upon conditioning of CD4 + cells in the presence of IL-12 plus anti-IL-4 (Th1 cells) or IL-4 plus anti-IFN-γ (Th2 cells).
As we had previously shown that expression of the ectonucleotidase CD39 modulates effector Th17 cell properties and confers on them features typical of immunosuppressive cells (18, 37), we tested the impact of UCB exposure on Th17 CD39 expression in healthy subjects and patients with Crohn's disease. 
Figure 2. UCB boosts IL-10 expression in human Th17 cells. (A)
CD4 cells were polarized in the presence of Th17-skewing conditions; on day 6, cells were exposed to UCB. Cells were initially gated on CD4 + IL-17 + lymphocytes, and then the frequency of IL-10 + cells within the CD4 + IL-17 + subset was measured. Representative dot plot of CD4 and IL-17 fluorescence and contour plots of UCB boosted the frequency of CD39 + cells among the Th17 subset in healthy individuals and Crohn's disease subjects, though the levels observed in patients did not equalize those observed in controls ( Figure 3B ). Similar results were obtained when analyzing ENTPD1 mRNA levels (Supplemental Figure 1C ).
Exposure to UCB increased to some extent the proportion of CD39 + cells among the Th1 subset but did not have any effect on Th2 lymphocytes (Supplemental Figure 1D ).
When evaluating CD73, the ectoenzyme that works in tandem with CD39 and hydrolyzes AMP into adenosine, we noted increases in the proportion of CD73 + lymphocytes among Th17 cells derived from both healthy subjects and patients with Crohn's disease ( Figure 3C ).
In Crohn's disease, exposure to UCB of Th17 cells obtained from lamina propria-derived CD4 + cells in the presence of Th17-polarizing conditions, did not result in CD39, CD73, and FOXP3 upregulation (Figure 3D) , indicating that Th17 cells from patients are resistant to the immunomodulatory effects of UCB in the site of damage. Further analysis was performed on Th17 cells obtained from biopsied inflamed and noninflamed (used as intraindividual control) colon areas of the same patient. No difference was noted in the frequency of FOXP3 + , CD39 + , and CD73 + cells upon exposure to UCB (Figure 3 , E-G). The proportion of FOXP3 + , CD39 + , and CD73 + lymphocytes among Th17 cells obtained from either peripheral blood or lamina propria did not differ between untreated patients and those patients receiving steroids and/or immunomodulatory drugs (i.e., 6-mercaptopurine). Levels of HMOX1 mRNA in peripheral blood-derived Th17 cells tended to be lower in Crohn's disease patients than in healthy controls, possibly as a result of long-standing disease in the group of patients tested (Supplemental Figure 1E) .
In a manner distinct from that observed in healthy controls ( Figure 2F ), UCB had decreased inhibitory effects on the proliferation of peripheral blood-derived Th17 cells, which were obtained from patients with Crohn's disease (Supplemental Figure 1F ).
Analysis of cell suppressive function was determined as the ability of Th17 cells, sorted as CXCR3 -CCR6 + lymphocytes following CD4 + cell exposure to Th17-polarizing conditions ( Figure 3H ), to control IFN-γ and IL-17 production by CD4 + CD25responders. We noted that exposure to UCB boosted the immunoregulatory properties of Th17 cells in healthy controls ( Figure 3I ). In contrast, UCB did not have significant effects on the suppressor capacity of Th17 cells from patients ( Figure 3I ).
No effect on the inhibition of IFN-γ and IL-17 production by responder cells was noted following Th1 or Th2 cell exposure to UCB (Supplemental Figure 1G ), indicating that UCB immunoregulatory properties were predominantly impacting Th17 cell function.
Evaluation of ectoenzymatic activity showed that UCB increased phosphohydrolysis of extracellular nucleotides in the culture supernatant of Th17 cells from healthy subjects but did not have any effect on Th17 cells obtained from patients ( Figure 3J ). TLC analysis showed that in both healthy subjects and patients UCB reduced Th17 cell adenosine deaminase (ADA) activity, as demonstrated by lower conversion of adenosine into inosine (Supplemental Figure 2A ). UCB exposure, however, appeared to impact Th17 cell ADA activity (Supplemental Figure 2A ), rather than expression (Supplemental Figure 2B ).
Collectively, these data show that Th17 cells isolated from patients with Crohn's disease are refractory to UCB immunoregulatory properties. Further, UCB preferentially impacts Th17 cell ATPase activity, this property being impaired in Th17 cells from patients with Crohn's.
UCB immunomodulatory effects are linked to CD39 and AHR expression. To explore whether the immunosuppressive properties of UCB depend on the expression of CD39, UCB was injected into Entpd1 -/mice, which were concomitantly treated with DSS for the first 8 days and then with normal water for the following 4 days. No effect on disease activity was noted in UCB-treated Entpd1 -/mice, neither during the induction nor recovery phase ( Figure 4A ). Further, no changes in colon length ( Figure 4B ), histopathological features ( Figure 4C ), and frequencies of CD4 + IL-17 + ( Figure 4D and Supplemental Figure 3A ), CD4 + IL-10 + ( Figure 4D and Supplemental Figure 3B ), and CD4 + IL-17 + IL-10 + cells ( Figure 4D ) were observed between UCB-treated and untreated mice. That UCB immunoregulatory effects might be mediated by CD39 was also supported by the finding of an increased proportion of CD4 + CD39 + cells among IELs and lamina propria lymphocytes (LPs) obtained from UCB-treated versus untreated WT mice ( Figure 4E ). Analysis at the mRNA level showed decreased Entpd1 expression in the spleen but increased expression in the IEL fraction ( Figure 4F ).
AHR modulates Treg and Th17 cell immunity (21, 22, 38, 39) . AHR expression has been linked to nonpathogenic Th17 cells (40) and its activation has been found to induce Treg responses through upregulation of CD39, the expression of which results in ATP scavenging (24) . Indeed, AHR directly transactivates the Entpd1 promoter (41) . As UCB serves as an endogenous ligand for AHR (42, 43) , we tested whether the course of DSS-induced colitis might be impacted by UCB administration in Ahr d mice. As shown in Figure  5 , A and B, no effects on disease activity and colon length were noted in UCB-treated and untreated Ahr d mice. Abundant leukocytic infiltration and large edematous areas were observed between smooth muscle layers also after UCB administration ( Figure 5C ). No differences in the frequencies of CD4 + IL-17 + ( Figure  5D and Supplemental Figure 4A ), CD4 + IL-10 + (Figure 5D and Supplemental Figure 4B ), and CD4 + IL-17 + IL-10 + (Figure 5D ) cells were noted between untreated and treated animals. No increase in the frequency of CD4 + CD39 + lymphocytes was noted following UCB treatment in any of the cell compartments studied ( Figure 5E and Supplemental Figure 4C ). That UCB effects were mediated through AHR was also supported by the evidence of an increased expression of the AHR responsive gene Cyp1a1 in lymphocytes obtained from UCB-treated versus untreated WT mice ( Figure 5F ). No increase in Cyp1a1 expression was noted in UCB-treated Ahr d mice ( Figure 5F ). Collectively, these data indicate that UCB immunomodulatory effects are mediated by AHR-dependent CD39 upregulation.
Decreases in CD39 expression by Th17 cells in Crohn's disease are linked to impaired AHR expression. We next tested whether low CD39 expression in Th17 cells from Crohn's disease patients was associated with alterations in AHR expression. As depicted in Figure 6A , AHR mRNA levels and the frequency of AHR + cells were lower in peripheral blood-derived Th17 cells from Crohn's patients as compared with controls. In lamina propria-derived Th17 cells, the proportion of AHR + cells was lower in patients with active disease than in those at remission and, within the same patient, in inflamed compared with noninflamed colon areas ( Figure 6B and Supplemental Figure 5A ).
To determine whether the increase in CD39 expression upon exposure of Th17 cells to UCB resulted from AHR engagement, Th17 cells from healthy subjects were treated with the AHR inhibitor (AHRi) CH223191 (39) . As depicted in Figure 6C , AHRi-treated Th17 cells showed decreased CD39 upregulation when exposed to UCB. Further, following AHRi treatment, UCB-treated Th17 cells show decreased suppressive activity (Supplemental Figure 5B ).
Discussion
Our results show that UCB immunomodulatory properties are mediated through AHR-dependent CD39 upregulation. We also show that decreased AHR levels and/or dysfunction can compromise Th17 cell suppressive responses. This mechanism is associated with the failure of CD39 upregulation, because of defective UCB-AHR interactions and crosstalk. These pathways, when aberrant as in IBD, have the end result of decreasing CD39 expression and thereby might interfere with the regulation of pathogenic Th17 cells.
Beneficial properties of low levels of exogenous UCB are noted both in vivo and in vitro. Experimental and histopathological amelioration of colitis was observed during disease recovery alongside lower frequencies of CD4 + IL-17 + T cells in the spleen, MLNs, and lamina propria, and higher proportions of CD4 + IL-10 + lymphocytes infiltrating the colon epithelia. Although our data suggest that these changes are the consequence of the effector T cell and Treg subpopulations' exposure to UCB, these effects may synergize with the modulation of antigen-presenting cell function by UCB, as previously described (2, 3) .
As one of the predominant effects of UCB on the lamina propria T cell compartment was the decrease in the proportion of IL-17-producing CD4 + T cells, we focused on investigating the in vitro immunomodulatory properties of UCB on human Th17 cells. Despite maintaining phenotypic features of effectors, Th17 cells exposed to UCB upregulated the expression of regulatory molecules and became strongly effective at suppressing responder cell effector function. Lack of responsiveness to UCB, however, as noted in Crohn's disease, resulted in no acquisition of a regulatory phenotype. Our results suggest that interference with Th17 cell machinery may compromise the ability of these cells to become regulated by UCB and transition to a suppressive state. and n = 10 Crohn's). (D) Mean ± SEM frequency of FOXP3 + , CD39 + , and CD73 + lymphocytes within LPMC-derived Th17 cells (n = 14 Crohn's). (E-G) Mean ± SEM frequency of FOXP3 + , CD39 + , and CD73 + lymphocytes within LPMC-derived Th17 cells from noninflamed and inflamed colon areas (n = 5 Crohn's). (H) Suppressive function of untreated and UCB-treated Th17 was assessed following sorting of CCR6 + CXCR3cells from CD4 + lymphocytes polarized under Th17 conditions. CD4, IL-17, CCR6, and CXCR3 fluorescence from 1 HS is shown. (I) Mean ± SEM percentage inhibition of IL-17 and IFN-γ production by CD4 + CD25responders in the presence of untreated or UCB-treated Th17 cells (n = 15 HS and n = 15 Crohn's). (J) Mean ± SEM free phosphate concentrations in the supernatant of Th17 cells (n = 5 HS and n = 5 Crohn's). P values derived using 1-way ANOVA followed by Tukey's multiple comparisons test. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. HS, healthy subjects; UCB, unconjugated bilirubin; LPMCs, lamina propria-derived mononuclear cells.
The potential mechanism involved in UCB immunoregulatory properties resides in the upregulation of CD39 by Th17 cells. Modulation of Th17 cells involves P2 signaling and inhibition of P2X7 activation decreases IL-6 levels and STAT-3 effects, both impacting Th17 cell differentiation (44) . These mechanisms may act in concert with induction of CD39, which shifts the balance towards P1 adenosinemediated signaling and modulates Th17 cell pathogenic potential (18) .
The importance of CD39 in the modulation of experimental colitis by UCB was corroborated by in vivo data and strengthened by the observation that treatment of WT mice with UCB increased the proportion of CD4 + CD39 + cells in the colon.
To define the pathway resulting in CD39 upregulation, we analyzed the expression of AHR in circulating and lamina propria-derived Th17 cells. Previous data have demonstrated that engagement of AHR induces Tregs that suppress via CD39 (24, 38, 41) . Our data show that UCB, which serves as an endogenous AHR ligand (42, 43) ( Figure 5F ), acts as a Th17 cell modulator via CD39. Notably, AHR expression is low in IBD-derived Th17 cells, possibly explaining the reason for the inability of these cells to respond to UCB and, subsequently, undergo regulation. Further demonstration of AHR involvement in this proposed immunomodulatory pathway of Th17 cells was shown by lack of clinical and histopathological amelioration of colitis in Ahr d mice dosed with UCB at the end of the observation period. Of note, these mice did not upregulate CD39 in any of the immune cell compartments, when subjected to DSS treatment ( Figure 5E ).
There is evidence that Th17 cells acquire immunoregulatory features that are associated with attenuation of the pathogenic potential (18, 45) . Our findings indicate that UCB enhances control of Th17 cell regulatory properties, as clearly highlighted by our in vitro data, and boosts immunoregulation in vivo by decreasing IL-17 production and by increasing CD39 and IL-10 expression levels by CD4 + cells in the colonic compartment. These in vitro and in vivo studies support a role for UCB in modulating pathogenicity while boosting immunoregulation.
It remains unclear whether the beneficial effects of UCB on the Th17 cell immune responsiveness depend solely on immunosuppressant properties effected by AHR or whether these can also be linked to UCB antioxidant effects, as previously shown for macrophages (46) . Further studies will explore this possibility and further dissect out whether UCB antioxidant effects might also impact the interaction with AHR as well as derived immunoregulatory effects.
Our observations in patients with Crohn's disease show that the pathological Th17 cells fail to undergo regulation in response to UCB, and do not increase CD39 expression. This might indicate persistent immune deviation in the proinflammatory state and could be an acquired phenotype designating resistance to UCB/ AHR signaling. Pharmacological administration of other AHR ligands or inhibition of hypoxia-inducible factor 1α to boost AHR signaling (41) , could promote salutary effects of UCB, providing another strategy in IBD. Alternatively, administration of exogenous apyrases/ectonucleotidases or other modes to upregulate CD39, e.g., via IL-27, might be considered. These adjunct approaches would likewise facilitate the suppression of Th17 effector potential by enhancing UCB functionality in a nontoxic and well-tolerated manner and dampen inflammation in this important chronic inflammatory disease state.
Methods

Mice
The derivation and characterization of C57BL/6 Entpd1 -/and Ahr d mice on the C57BL6 background has been previously described (21, 28, 47) . C57BL/6 WT mice were purchased from Taconic and cohoused for 4 weeks with Entpd1 -/and Ahr d mice before being subjected to DSS colitis. Ten-to 12-week-old males were studied in accordance with standard institutional animal welfare guidelines.
Subjects
PBMCs and lamina propria mononuclear cells (LPMCs) were isolated from 71 patients with Crohn's disease (median Harvey-Bradshaw Index, 4, range 0 to 10), recruited from the Gastroenterology Division, Beth Israel Deaconess Medical Center. Of these patients, 32 were studied during active disease while 39 were in clinical remission. At the time of study, 37 patients were receiving infliximab, 7 were on steroids, and 11 were receiving 6-mercaptopurine. PBMCs were also isolated from 45 healthy subjects (Blood Donor Center at Children's Hospital, Boston, Massachusetts, USA).
Cell isolation
Mouse. Mononuclear cells were obtained from the spleen, MLNs, and from colon IEL and LP fractions. IELs and LPs were isolated following incubation in dissociation buffer (HBSS Ca 2+ -and Mg 2+ -free containing 2% Human. PBMCs were obtained by density gradient centrifugation on Ficoll-Paque (GE Healthcare) as previously described (18) . LPMCs were isolated from freshly biopsied colonic tissue in 23 patients with Crohn's disease (15 with active disease and 8 in remission). In 10 patients, colonic tissue was biopsied in both inflamed and noninflamed areas (3 to 4 samples per bioptic area) and results obtained from the 2 sites were compared. LPMCs were isolated as previously reported (18) .
PBMC and LPMC viability was checked by trypan blue exclusion and always exceeded 98%.
Induction and clinical assessment of experimental colitis C57BL/6 WT (n = 12), Entpd1 -/-(n = 12), and Ahr d (n = 12) mice were treated with 3% DSS in standard drinking water that was provided ad libitum for 8 consecutive days. Mice were also injected i.p. with UCB (Frontiers Scientific) at 20 μmol/kg/day. UCB was resuspended in an aqueous solution containing 2 M NaOH and 200 mM Tris-HCl (pH 8.4). UCB administration was continued at the same dose and frequency after DSS treatment was replaced with normal water for 4 days. Disease activity index (range: 0-7) was calculated on the basis of body weight loss (0: 0%-1%; '1': > 1%-5%; '2': > 5%-10%; '3': > 10%-15%; '4': > 15%-20%), presence of gross blood ('0': absence of blood; '1': presence of blood) and stool consistency ('0': firm; '1' loose; '2': diarrhea) and assessed on a daily basis. On day 12, mice were sacrificed, colons dissected, and length measured from the ileocecal junction to the anal verge.
Histological evaluation of colitis
Colonic tissue was removed and assessed for histological evaluation upon freezing in OCT compound. Tissue sections (6 μm) were stained with hematoxylin and eosin and examined for evidence of colitis, as previously described (48) . Histology score (range: 0-6) was calculated based on the presence of lymphomononuclear cell infiltrate ('0': absence of inflammatory foci; '1': presence of scattered inflammatory foci; '2': presence of multiple inflammatory foci; '3': evidence of transmural lymphomononuclear cell infiltration); crypt elongation/distortion or absence ('0': normal crypt architecture; '1': presence of elongated crypts; '2': absence of crypts); and edema formation of the colon wall ('0': absence of edema; '1': presence of edema) were the parameters considered for histological evaluation, as previously reported (48, 49) .
In vitro cell conditioning
Human PBMC-and LPMC-derived CD4 mem cells were purified as CD4 + CD45RO + CD45RAlymphocytes (Miltenyi Biotec). CD4 mem were chosen as a starting CD4 + cell population, as we previously demonstrated that CD4 mem -derived Tregs retain immunosuppressive properties, also in the presence of proinflammatory stimuli (18) . The purity of the sorted CD4 mem subset exceeded 92%. CD4 mem were cultured in complete RPMI 1640 medium, supplemented with 2 mM L-glutamine, 100 IU/ml penicillin, 100 mg/ml streptomycin, 1% nonessential amino acids, and 10% FBS and exposed for 5 days to Th17-skewing conditions, i.e., IL-6 (50 ng/ml), IL-1β (10 ng/ml), TGF-β (3 ng/ml) (18) , and with Dynabeads Human T Activator CD3/CD28 for T cell expansion (bead/cell ratio, 1:50) (Thermo Fisher Scientific). In parallel experiments, CD4 mem were exposed to Th1-skewing conditions, i.e., IL-12 (catalog 219-IL) (20 ng/ml) + anti-IL-4 (catalog MAB204) (10 μg/ml), or Th2, i.e., IL-4 (catalog 204-IL) (10 ng/ml) + anti-IFN-γ (catalog MAB285) (10 μg/ml). All cytokines and neutralizing Abs were from R&D Systems. On day 6, cells were treated for the last 6 hours of culture with 20 μM UCB that was resuspended as indicated above. This concentration of UCB was chosen after performing preliminary experiments in which concentrations ranging from 10 to 60 μM were tested. A 20 μM concentration was chosen as it was associated with less toxicity to the cells, as shown by trypan blue viability test and frequency of annexin V + lymphocytes. UCB resuspension and addition to the cultures was carried out, while also limiting light exposure to the minimum.
In some experiments, the AHRi CH223191 (Sigma-Aldrich) was added at 3 μM (39) to polarized Th17 cell cultures.
Flow cytometry staining
Flow cytometry was performed following cell incubation with FITC-, PE-, Pe-Cy7-, Pacific Blue (PB)-, APC-, Pe-Cy5-, and PerCP Cy5.5-conjugated anti-human Abs against CD4 (clone OKT4), CD45RO (clone UCHL1), CD45RA (clone HI100), CCR6 (clone G034E3), CXCR3 (clone G025H7), CD39 (clone A1), CD73 (clone AD2) (all from Biolegend), and IL-23R (R&D Systems, clone 218213). The frequency of positive cells and MFI of FOXP3, RORC, and AHR were assessed by intracellular staining, following cell fixation and permeabilization with Cytofix/Cytoperm (BD Biosciences) and incubation with PE-, APC-, and Pe-Cy7-conjugated Abs against human FOXP3 (clone PCH101), RORC (clone AFKJS-9), and AHR (clone FF3399) (all from eBioscience). The frequency of cytokine-producing cells was determined after exposure to Cell Stimulation Cocktail (eBioscience), used at 2 μl/ml, according to the manufacturer's instructions for 5 hours. Staining was carried out using Alexa Fluor 488-, PE-, APC-, and PerCP Cy5.5conjugated anti-human Abs against IL-17A (clone BL168), IL-10 (clone JES3-9D7), IFN-γ (clone 4S.B3), and IL-4 (clone MP4-25D2) (all from Biolegend). Isotype controls were from BD Biosciences. Frequency of annexin V + cells was determined using the FITC Annexin V Apoptosis Detection kit (Biolegend).
When murine mononuclear cells were used, staining was carried out using Abs against mouse CD4 (clone GK1.5), IL-17A (clone TC11-18H101), and IL-10 (clone JES5-16E3) (all from Biolegend). Flow cytometric analysis was performed as previously reported (18) . Cells were acquired on a BD LSR II (BD Biosciences) and analyzed using FlowJo 2 software (version 10, Tree Star). Positively stained cell populations were gated based on unstained, single-stained, and isotype-stained controls and fluorescence compensation was adjusted, as based on the fluorescence minus one (FMO) method.
Proliferation assay
Th17 cell proliferation was performed following cell exposure to Dynabeads Human T Activator CD3/ CD28 (bead/cell ratio, 1:2) and IL-2 (30 IU/ml) for 3 days. Cells were then pulsed with 0.25 μCi/well 3 H-thymidine and harvested 18 hours later using a cell harvester (Tomten). Incorporated 3 H was measured by liquid scintillation spectroscopy (50) .
Suppression assay
Th17 cell ability to suppress autologous CD4 + CD25cell effector function was assessed in coculture experiments, in which Th17 cells were added at a ratio of 1:8 to CD4 + CD25targets (18) . Th17 cells were sorted as CCR6 + CXCR3cells following CD4 mem conditioning in the presence of Th17-skewing conditions (see above). The percentage of CCR6 + CXCR3cells following Th17 conditioning was similar to that of IL-17 + cells ( Figure 3H ). Parallel cultures of CD4 + CD25responder cells without Th17 cells were performed under identical conditions. Activation of responder cells was induced by IL-2 (30 IU/ml) and Dynabeads Human T Activator CD3/CD28 (bead/cell ratio, 1:2). Responder cell IFN-γ and IL-17 production in the absence or presence of Th17 cells was determined by intracellular cytokine staining after 4 days of coculture.
Malachite green assay
A malachite green assay was performed as previously described (51) . The concentration of free phosphate was measured in the supernatant of Th17 cell cultures using the colorimetric Sensolyte Malachite Green Phosphate Assay kit (AnaSpec). Cells were washed in saline solution containing 0.9% w/v NaCl and then exposed to 10 μM ATP (Sigma-Aldrich) for 15 minutes. Phosphate concentration was then quantified at 600 nm using an absorbance plate reader upon comparison with a standard curve.
TLC
TLC was performed as previously described (18) . Untreated or UCB-treated 3 × 10 5 Th17 cells were incubated with 2 mCi/ml [C 14 ]ADP (GE Healthcare Life Sciences) in 10 mM Ca 2+ and 5 mM Mg 2+ . [C 14 ]-labeled ADP, AMP, and adenosine served as standards. TLC band density was examined using ImageJ software (NIH).
Immunoblot analysis
Immunoblot analysis was carried out as previously published (18), using 3.5 × 10 5 to 5 × 10 5 cells. Mouse anti-human ADA (Abcam, ab54969) primary Ab was applied at 1 μg/ml. HRP-labeled goat anti-mouse secondary antibody (Thermo Scientific) was used at 1:50,000. Bands were visualized using Super Signal West Femto Sensitivity Substrate (Thermo Scientific) according to the manufacturer's instructions. For immunoblot normalization, the same samples were tested for the presence of β-actin using mouse antihuman β-actin (Abcam, ab8226) at 1:10,000 and, subsequently, HRP-labeled goat anti-mouse antibody at 1:20,000, as a secondary antibody. Band density was measured by ImageJ software.
Quantitative PCR
Expression of human AHR, IL10, IL22, IL1B, HMOX1, FOXP3, and ENTPD1, and mouse Entpd1, Hmox1, and Cyp1a1 was determined by quantitative PCR (qPCR). Total RNA was extracted from 3 × 10 5 cells using TRIzol reagent (Thermo Scientific) and mRNA was reverse transcribed using an iScript cDNA Synthesis kit (Bio-Rad Laboratories) according to the manufacturer's instructions. Primer sequences of human AHR, HMOX1, and FOXP3 and of mouse Hmox1 and Cyp1A1 were as previously described (52) (53) (54) (55) (56) . Human IL10 and ENTPD1 primer sequences were as follows: IL10 Forward 5′-TCCTTGCTGGAGGACTTTA-AGGGT-3′ and Reverse 5′-TGTCTGGGTCTTGGTTCTCAGCTT-3′; ENTPD1 Forward 5′-AGGT-GCCTATGGCTGGATTAC-3′ and Reverse 5′-CCAAAGCTCCAAAGGTTTCCT-3′.
PCR amplification conditions were as previously reported (18, 53) . Expression of human IL22, IL1B, and mouse Entpd1 was determined using TaqMan probes (Thermo Scientific). Samples were run on a Stratagene MX300SP (Agilent Technologies) and results were analyzed by matched software and expressed as relative quantification. Relative gene expression was determined after normalization to human and mouse β-actin and GAPDH.
Statistics
Results are expressed as mean ± SEM. Paired and unpaired Student's t test (2 tailed) were used for comparing normally distributed data. One-way ANOVA followed by Tukey's multiple comparisons tests was used to compare means of multiple samples. For all comparisons, P less than 0.05 was considered significant. Statistical analysis was performed using SPSS version 22.
Study approval
Animal care and experiments were conducted under the guidelines and protocols approved by the Animal Care and Use Committee, Beth Israel Deaconess Medical Center.
Human studies received IRB approval (2011P000202). Written consent was obtained from all study participants prior to inclusion in the study.
